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Abstract 
Knowing the thermo-physical properties of geothermal water reduces the uncertainties in estimating the thermal output of power 
plants. So far, thermo-physical properties have been investigated under laboratory conditions and for individual geothermal plants, 
only. In-situ measurements at temperatures above 120 °C, at pressures above 20 bar and over a wide salinity-range are sparse. 
Hence, pure water properties are used to design power plants. PETher project fills this gap: Thermo-physical properties – heat 
capacity, viscosity, density and thermal conductivity – of geothermal water are measured as functions of temperature, pressure and 
salinity. Results serve as validation for laboratory measurements and for numerical models. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of the General Assembly of the European Geosciences Union 
(EGU). 
Keywords: Physical properties; In-situ; measurements; Geothermal power plants 
1. Introduction 
The objective of PETher is to experimentally determine thermo-physical properties (specific isobaric heat capacity, 
kinematic viscosity, density and thermal conductivity) of geothermal waters under in-situ-conditions (pressure, 
temperature, chemical composition including gas content) present in geothermal applications. Knowing these thermo-
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physical properties reduces the uncertainties with respect to estimating the thermal output and therefore the economic 
viability of the power plant. Up to now, only a limited number of measurements of selected physical properties have 
been made, usually under laboratory conditions and for individual geothermal plants. In-situ measured parameters, 
especially in the temperature range of 120 °C and higher, at pressures of 20 bar and higher, as well as with a salinity 
of up to 360 g/l, are sparse to non-existing. Therefore, pure water properties are often used as reference data and for 
designing the power plant and its components.  
Currently available numerical models describing the thermo-physical properties are typically not valid for the 
conditions in geothermal applications and do not consider the substantial influence of the chemical composition of the 
thermal water. Also, actual geothermal waters have not been subject of detailed measurements systematically 
performed under operational conditions on a large-scale basis. Owing to the lack of reliable data, a validation of 
numerical models for investigating geothermal systems is not possible. 
In order to determine the dependency of the thermo-physical properties of geothermal water on temperature, 
pressure and salinity, in-situ measurements are conducted. The measurements are taking place directly at several 
geothermal locations in Germany’s hydrothermal key regions: the North German Basin, the Upper Rhine Graben and 
the South German Molasse Basin. The aforementioned regions vary significantly in the chemical composition of the 
related geothermal waters and in salinity. In the South German Molasse Basin a salinity below 10 gram salt per 
kilogram water is predominant. The geothermal waters in the Upper Rhine Graben vary considerably in chemical 
composition and salinity, though salinities are high in general (up to ~100 g/kg). In terms of chemical composition, 
the North German Basin does not offer a great variety, but it has the highest salinity of up to 360 g/kg. This is 
remarkable because it implicates material failure due to scaling and corrosion. In order to cope with these different 
geothermal waters, a mobile testing unit was developed with instruments specifically designed in-house. The obtained 
results will be compared to standard analytical methods and used to calibrate laboratory measurements that simulate 
the encountered in-situ conditions. A series of measurements will be performed to create a data base.  
In addition, these data can be used as reference data for developing and validating numerical models. In-situ 
measurements – in contrast to laboratory measurements – record the data online and instantaneously during normal 
operation of the plant and without changing the properties of the investigated fluid (pressure, temperature, etc.). Due 
to this, the uncertainties in the thermo-physical properties caused by degassing and precipitation can be avoided.  
As a result, the thermo-physical properties density, specific isobaric heat capacity, kinematic viscosity and thermal 
conductivity have been measured as functions of the geothermal water temperature, pressure and salinity at five sites, 
up to now. The results show that the thermo-physical properties correlate strongly with the salinity and therefore differ 
considerably from pure water values once a significant salt content is present. 
2. Mobile testing unit & measuring devices 
To meet any geothermal reservoir conditions present in Germany, a mobile testing unit was developed at KIT with 
instruments specifically designed in-house. This testing unit consists out of four measurement devices (see Fig. 1): a 
flow calorimeter (cp), a viscosimeter (Ȟ), a densimeter (ȡ) and a thermal conductivity meter (Ȝ). The first three devices 
have been developed at our institute. They are designed for a temperature range of 20 °C to 170 °C, pressure of up to 
30 bar and need to withstand salinities in the range of 0 to 360 g/l. The measurement devices are used in serial order. 
The Ȝ-device is commercially available (Lambda 1, F5 Technology) and just slightly modified regarding the filling 
under in-situ pressure and temperature. Details on the measuring devices can be found in [8]. The mobile testing unit 
can be filled under in-situ temperature and pressure conditions by connecting it directly to the pipe system of the 
geothermal plant. Pressure and temperature are controlled and kept constant in the testing unit. The whole unit weighs 
~250 kg and its dimensions are: 1.90 m in length x 1.25 m in width x 1.60 m in height. Due to the compact design it is 
possible to move the unit easily to every geothermal location.  
All measuring devices have been tested with pure water in order to compare the results to the literature [5]: The 
variation for the heat capacity Ȟ amounts to 1 %. According to [1, 6, 7] who also did experiments with flow 
calorimeters, the variation is within the uncertainty of measurement. Apart from pure water, aqueous sodium chloride 
solutions have been measured and the results compared to literature, too [1, 3, 6, 7, 10, 11]. It results in a variation of 
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1 %. The results for kinematic viscosity Ș were checked against literature data taken from the NIST data base [5] and 
[4]. Here, the variation lies within 3 % for pure water and aqueous solutions. For determining the density ȡ, a weighing 
method is used. Therefore, the volume of the container in use is measured accurately (~0.1 % accuracy) and the tare 
weight is determined with 0.4 % accuracy. The obtained data has been compared to [5] and a variation of 0.4 % was 





2.1. Thermal Conductivity Meter  
The thermal conductivity meter “LAMBDA System 1” for fluids is a commercial product of F5 Technologie. It is 
designed for temperatures from -45 °C to +400 °C. The measuring principle is based on the electrical resistance 
measurement with a hot-wire of 100 μm in diameter, which can be operated under transient conditions. This hot-wire 
serves as emitter and receiver at the same time. In order to measure the thermal conductivity, a metal cylinder is filled 
with the sample fluid and put into an accompanying oven, where the sample temperature can be controlled. The 
physical basics of the measurement are not described here, as they are following standard principles, which can be 
found in open literature. 
This device is originally not designed for in-situ measurements. Additionally attached valves allow for a filling 
under pressure and temperature, now. 
Fig. 1. Process and instrumentation diagram of the mobile testing unit. The thermal water (or other fluid) flows from left to right. The 
measurement devices are partly built-in in series, partly parallel, but they are operated separately while measuring. 
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2.2. Densimeter 
Due to the high fluid temperature in geothermal applications, an instrument which allows for the density 
determination of the saline and gaseous thermal water can hardly be found. Therefore, an easy discontinuous 
measuring principle was chosen: A small pressure tank (called densimeter in Fig. 1) is installed in the mobile testing 
unit. The tank volume and mass have been measured very accurately. After filling the tank with geothermal water or 
other fluids, in- and outlet valves are closed. The tank now contains a well-defined fluid volume. After removing the 
tank from the pipe system, its mass is determined by weighing. The fluid density corresponds to the fluid mass per 
tank volume at the corresponding temperature and pressure.  
2.3. Viscosimeter 
The kinematic viscosity is measured in a circular, capillary tube. The mass flux of a fluid in a circular tube depends 
on the pressure drop between the tube inlet and outlet. Inlet and outlet are connected to a differential pressure 
manometer (Endress+Hauser PMD75), called PDI in Fig. 1, which has an accuracy of 10-3 mbar. The capillary tube is 
aligned horizontal in order to avoid hydrostatic pressure differences. The mass flow rate is measured with a Coriolis 
flow meter. The measurements are run as follows: First the capillary tube is filled with geothermal water at in-situ 
pressure and temperature. A constant mass flow is adjusted. Then the pressure difference is recorded, as well as the 
fluid temperature distribution along the capillary tube and the entrance pressure (P1 in Fig. 1) for 5 to 15 minutes. The 
mass flux is determined by the continuous recording of the Coriolis flow meter. Afterwards the fluid flow is interrupted 
and the pressure difference is recorded again, in order to detect the instrument offset. The difference between both, 
the PDI-signal at flow and at non-flow conditions, determines the effective pressure difference ǻp. 
2.4. Calorimeter 
The flow calorimeter consists of a tube made of PEEK (polyetheretherketone), a low heat conducting material with 
a high chemical and mechanical resistance. Inside the tube, two probe heads are installed; one at the tube inlet and 
one at the outlet. The inlet probe head consists of a static mixer, four radially distributed 0.5 mm NiCr/Ni 
thermocouples and an electric heating rod. The outlet probe head is configured in the same way as the inlet probe 
except for the heating rod. The fluid enters the PEEK tube and passes the static mixer which homogenizes the fluid 
thermally before passing the thermocouples of the inlet probe head. Here, the entrance temperature of the fluid is 
recorded by the four thermocouples. Owing to the mixer, no radial temperature fluctuations will be detected. Further 
downstream, the fluid is heated by a constant heat flux which is emitted from the hot part of the electric heating rod. 
As a result of this heat supply the fluid temperature rises. After homogenization by the static mixer of the outlet probe 
head the fluid temperature is measured by the four outlet thermocouples. The accuracy of the method strongly depends 
on the accuracy of the power and the mass flux determination. The mass flow rate is measured with a Coriolis flow 
meter downstream of the calorimeter. More difficulties arise in the determination of the heating power. Both parts of 
the heating rod, the hot and the cold part, have electrical resistances which cause heat release. Only the heat released 
from the rod part which is located between the probe heads is relevant. The heating power of this part is calculated by 
estimating the electrical resistance from the rod materials and the rod dimensions.  
3. First results 
First results of in-situ and laboratory measurements are presented in Fig. 2. This figure shows the physical 
properties of geothermal waters of five different geothermal sites in Germany. The exact names of the locations are 
not specified, because not all of the power plant operators want to share this information publicly. The filled symbols 
(triangle or diamond) correspond to in-situ measurements, whereas the empty symbols stand for measurements taken 
in the laboratory. For the latter, the geothermal water of the corresponding site is transported to the laboratory (no 
pressure or temperature control during transport) and then investigated at approximately the same pressure and 
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temperature conditions as found in-situ. The curves (straight, broken, dashed, etc.) are plotted as orientation 
concerning salinity and taken from seawater correlations [9]. The arrow points in the direction of increasing salinity 
in each plot. 
The top left diagram shows the heat capacity as a function of the thermal water temperature. The data taken at low 
salinity (up to 10 g/kg) align along the expected trend. At higher salinity of about 100 g/kg only one data set is 
available, by now. With increasing temperature the heat capacity increases, while with increasing salinity a decrease 
of the heat capacity is clearly visible. 
The top right diagram shows the density as a function of the thermal water temperature. The data taken at low 
salinity follows the expected trend, outlined by the 0 g/kg curve, as well as the data of higher salinity mirrors the trend 
line. With increasing temperature, the density decreases. An increase in salinity results in higher densities. 
The bottom left diagram shows the kinematic viscosity. Except for one case, the line of zero salinity is mirrored 
accurately by the measured data. At high salinity also one discordant value can be found, but the over-all trend is 
clearly visible. With increasing temperature, the viscosity drops, while increasing salinity results in slightly elevated 
viscosity values.  
The diagram for heat conductivity is at the bottom right. The theoretical seawater curves displaying the increasing 
salinity are very close together, but the measured data are widespread. From this plot we can only deduct that the 
thermal conductivity meter is not (yet) working properly in the requested parameter range. This issue is currently 
under investigation. 
Overall, the effect of pressure seems to be negligible, whereas, the influence of temperature follows the expected 
trends. The data show a strong dependency on salinity, in total.  
Fig. 2. Physical properties – heat capacity, density, kinematic viscosity and heat conductivity – of thermal water from different locations over 
thermal water temperature. Curves (straight, broken, dashed, etc.) are taken from seawater correlations [9] as orientation concerning salinity. 
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4. Outlook 
It is foreseen to perform in-situ measurements at, at least, seven other locations in the hydrothermal key regions 
until august 2017, in Germany. In the laboratory, systematic measurements of so-called artificial geothermal waters 
are performed. These artificial geothermal waters consist of fully deionized water and selected salts (NaCl, KCl, 
CaCl2, MgCl2, Na2SO4, CaSO4 and NaHCO3) mixed according to chemical analyses and a hydrogeological 
characterisation of the hydrothermal regions. Per mixture, up to six salts are used. Where carbonates are concerned, 
CO2 is also added, in order to get and to keep the salt dissolved. These measurements are taken in 25 °C steps, starting 
at room temperature and going up to 150 °C, at the pressure level present in the corresponding region. A 
comprehensive series of measurements will be performed to create a data base. 
The obtained results will be compared to standard analytical methods as well as to other experimental results. Also, 
they will serve as foundation for new modelling. With this broad data base it will be possible to reduce uncertainties 
in modelling dramatically. 
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